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ABSTRACT

Novel Patterning Techniques to Improve Digital Image Correlation in Challenging Environments
by
Weston Craig, Master of Science
Utah State University, 2022

Major Professor: Dr. Ryan Berke
Department: Mechanical Engineering
Obtaining deformation data is challenging under extreme conditions such as post-irradiation
evaluation and high temperature environments. In these conditions, strain gauges are difficult to apply
and/or are easily damaged, making traditional contact-based measurement methods difficult. Digital
image correlation (DIC) is a preferred technique in these situations because of its non-contacting,
camera-based measuring approach, and its ability to measure over a wide range of length scales
depending on the magnification of the imaging system and the resolution of an applied surface pattern.
This thesis encompasses two novel patterning techniques to enable more widespread use of DIC in
challenging environments:
First, the feasibility of using text as a native speckle pattern is investigated by performing rigidbody translation, rigid-body rotation, and bending deformation tests on beam-like specimens having
text-based speckle patterns. Error and uncertainty of the text measurements are compared to
measurements of traditional speckle patterns from the same tests. The effect of font type and line
spacing on the effectiveness of a text speckle pattern is examined. It is concluded that text has low
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enough uncertainty and measurement error to be used as a “native” speckle pattern in extreme
environments but should not be expected to perform better than a traditional speckle pattern.
Second, a multicolor speckle pattern is investigated by using the red and blue color channels
generated by a color camera to capture simultaneous multiscale DIC measurements. Multiscale,
multicolor speckle pattern specimens undergo rigid-body translation and bending deformation tests
while illuminated by red and blue lights. The resulting images are split into the red and blue color
channels during postprocessing to create two greyscale image sets: one with larger speckle features and
one with smaller speckle features. Results from each set of images are compared to observe how DIC
performs across length scales. Use of color cameras in this way has the advantage that the two length
scales are inherently mapped onto common coordinate systems for easy comparison across length
scales.
(76 Pages)
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PUBLIC ABSTRACT

Novel Patterning Techniques to Improve Digital Image Correlation in Challenging Environments
Weston Craig

A camera-based measurement technique called digital image correlation (DIC) is beneficial to
measure displacement and strain in challenging environments (such as post-irradiation evaluation and
high temperature environments) due to its non-contacting nature and ability to obtain measurements
over multiple length scales. This technique requires a surface pattern which influences the
measurement resolution and accuracy of the measurements. This thesis explores two novel patterning
techniques to allow the use of DIC in more challenging environments:
The first is to determine if a pattern created from printed text can be used as a pattern in DIC.
Native patterns are patterns already present on an object which have properties which allow them to be
used as a DIC pattern, such as contrast. Rigid body translation, rotation, and bending deformation tests
are performed on text speckle patterns. The results are compared to a traditional DIC speckle pattern,
and it is determined text patterns can serve as DIC speckle patterns when present as a native speckle
pattern. The influence of properties of the text speckle patterns such as font and line spacing on the
effectiveness of the text speckle pattern are explored. Line spacing has the most significant influence on
the effectiveness of using text as a native speckle pattern. Text patterns have low enough uncertainty to
obtain accurate measurements, but do not perform as well as traditional DIC speckle patterns.
The second details the creation of a multi-colored, multi-scale speckle pattern created for multiscale DIC measurements. A method is presented for using color cameras to capture images of the multiscale multi-colored pattern and then splitting the images by color channels of the image in postprocessing to obtain multi-scale measurements simultaneously. The images are analyzed using different
DIC settings and it is determined the small scale and large-scale measurements have strong agreement.
This method has the advantage of the large and small scale full-field data being inherently mapped onto
one another as opposed to other multi-scale DIC measurement methods.
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CHAPTER I
INTRODUCTION

Digital image correlation (DIC) is a camera-based measurement technique that tracks the
movement of a specimen through a series of images to determine displacement [1]. DIC requires a
unique tracking pattern to be applied to the surface of the specimen prior to imaging. During the
analysis of the images, the pattern is broken into smaller square sections of pixels called subsets [2]. The
correlation algorithm then locates the new position of each subset in every image, from which it
computes the displacement relative to its position in an initial reference image [3]. When performed
using a single camera, DIC is limited to 2D measurements within a plane at a fixed distance from the
camera, as any out-of-plane motion will be misinterpreted as strain [4]. By using multiple cameras with
known spacing and orientations between them, stereo DIC (3D-DIC) then triangulates between the
camera perspectives to measure out of plane displacement [5]. The calibration for the stereo DIC
method is a longer procedure than for planar DIC, requiring images of a plate with a known reference
pattern to correlate each cameras location relative to the other [6].
Since its initial introduction in the 1980’s [7], DIC has seen increased use in the past three
decades due to its advantages over traditional measurement methods such as strain gauges. Strain
gauge measurements are limited to one point on a specimen, whereas DIC collects full-field
displacement data over the entire surface of the speckle pattern [8]. Strain gauges require the gauge be
attached to the specimen, which may affect the mechanical behavior of the specimen depending on the
specimen size in relation to the gauges [9]. In contrast, the only alteration to the specimen required for
DIC is the application of the speckle pattern, which is usually a thin layer of paint and is assumed to have
negligible stiffness. Another disadvantage of contacting methods such as strain and displacement gauges
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compared to DIC is the increased risk of damage, especially at high temperatures and challenging
environments [10]. DIC has been used under a wide range of extreme thermo-mechanical conditions
including in high temperature furnaces [6], high-speed dynamic torsion testing [8], and for predictive
maintenance in nuclear power plants [8]. DIC has also been used in underwater experiments [9] and
shock analysis [10].

I.1. Pattern Requirements for DIC

In DIC, the most common patterning method is to apply a solid background of white paint,
followed by a random speckle pattern of black paint [11]. Even when other patterns are used, the
pattern applied to the surface of a specimen is still commonly referred to as a speckle pattern. To ensure
that each subset is distinct, a speckle pattern must be applied which has distinguishable, unique,
random features throughout its area [12]. Thus, factors such as speckle size [13], pattern contrast [14],
edge sharpness of the speckle [15], and speckle density [16] affect whether a speckle pattern fits the
necessary requirements for use in DIC.
For the DIC algorithm to recognize a pattern as non-repeating and isometric, there must be
sufficient contrast between the light and dark areas of the pattern for each unique feature in the
pattern to be distinguishable [13]. Factors such as the intensity of the light source, the aperture on the
lens, the exposure time of the camera, and the type of paint used in the speckle influence the contrast
of the pattern [11]. If an area of an image is over-saturated or under-exposed the DIC algorithm may
incorrectly correlate or drop subsets. Therefore, low contrast areas of a speckle pattern will increase the
noise of a DIC measurement [14].
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The speckle density refers the number, size, and spacing of unique features in a speckle pattern.
The speckle density affects the size of a subset and therefore influences the spatial smoothing and noise
of the displacement data in DIC. Effectively, the smaller the speckle size that the algorithm can distinctly
identify, the smaller the subset size that can be used. The good practices guide published by the
International DIC Society (iDICs) lists the optimal feature density at 50% dark to light features, with 3-5
pixels being the ideal size for one feature [11], where a feature is defined as a unique speckle dot or
shape within the speckle pattern.
There exist several proposed metrics for measuring the quality of a DIC speckle pattern
including: the delta metric [18], the mean intensity gradient (MIG) [19], the gray level co-occurrence
matrix (GLCM) [20], and the subset fluctuation method. Each of these metrics attempt to quantify the
contrast and density of the speckle pattern. The delta metric, proposed by Thai et. al, calculates the
span of the median 90% of greyscale pixel values to define the range of what is considered a “typical”
dark vs. light pixel [15]. If the delta count is at least between 50 to 75 counts for an 8-bit camera, there is
sufficient contrast for a speckle pattern [13,15]. Jarrett et al later generalized this to cameras with
higher bit depth by recommending that delta should be at least 20% of the dynamic range of the camera
[16]. The MIG metric uses a calculation of the sum of the squares of the local intensity gradients at each
x and y pixel location in an image to determine the average amount of intensity in the image. The MIG
value is advantageous in that it can accurately estimate the standard deviation of error that will be
present in a DIC measurement [17]. There are two GLCM metrics, offset and contrast, which are used to
quantify spatial intensity variation by calculating the metric for every possible combination of pixel
values within a certain distance from one another [18]. Optimal patterns have a low GLCM offset value
and high GLCM contrast value. This metric is advantageous because it can evaluate a speckle pattern
without the need for trial DIC experiments [18]. In the subset fluctuation metric, the mean gray value is
used to calculate the gradient trend of each subset [19]. The bias error of the DIC correlation is related
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to the gradient of the speckle pattern [20], therefore the subset fluctuation can determine the quality of
a speckle pattern with a high subset fluctuation correlating to a high speckle pattern gradient [19].

I.2. DIC Patterning Techniques

There are numerous methods for creating an effective speckle pattern. A common method is to
spray the specimen’s surface with a solid background of white spray paint, followed by “misting” the
surface by spraying black paint in the air and letting the droplets fall on the surface with sufficient
contrast [21]. A similar technique involves airbrushing the surface with black paint to create a black and
white pattern [22]. Another technique uses toothbrush bristles to flick black paint across the surface of
the specimen [8]. With all three of the “misting”, airbrush, and “flicking” speckling methods, care must
be taken to avoid a pattern with low density and high variation in speckle feature size due to the
directionality of the application techniques [23]. Other techniques include ink and roller kits to create
speckles with features of uniform size, but the ink must be rolled in multiple directions to ensure
enough variation for the DIC algorithm [24]. Flexible polymer stencils have been used to create
numerically-designed speckle patterns for large scale concrete specimens where spray painting is
impractical [25]. A printed toner-transfer technique has been used to transfer toner from printed
speckle pattern designs onto the surface of a specimen to create an identical surface speckle pattern to
be used on multiple specimens [26].
In certain cases, the surface of a material presents enough contrast and variation it can be used
as a “native” speckle pattern in image correlation. Halite and wood are examples of materials with a
native pattern that has been used for DIC [27–29]. When performing image correlation at high
magnifications, such as when using a SEM, the microstructures on the surface of a specimen become
visible. These microstructures occasionally provide enough variation and contrast to serve as speckle
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patterns [30,31]. On manmade objects which already contain text, such patterns can be used as speckle
patterns where a traditional speckle pattern may no longer be safely applied [32].

I.3. DIC across Length Scales

A key advantage of DIC is that it can be used to take measurements across a wide range of
length scales, limited only by the magnification of the imaging system and the resolution of the speckle
pattern due to the number of speckle features required in each subset [33]. While commonly used at a
“coupon” scale on the order of mm or cm (e.g. tensile specimens) [9,34] large scale DIC has been used
to obtain mm or cm scale deformation measurements on square meter areas on specimens at standoff
distances ranging from almost 2 m [35] to 12 m [36]. Small scale tests have also successfully used DIC to
measure nano-scale deformation by combining DIC with scanning electron microscopes (SEM) [37], or
micro-scale deformation by combining optical DIC down to the diffraction limit of light with high
magnification lenses across relatively long working distances [38].
There are also DIC methods for obtaining measurements at multiple length scales
simultaneously on the same specimen during the same test. Passieux et. al. used two cameras to collect
two series of images of an open hole tensile test, one focused at near field in a local region of interest
and another focused on the entire specimen to obtain precise displacement measurements [39]. A finite
element approach was then used to impose a simulation mesh to map the two length scales resulting in
full-field displacement data with magnified displacement resolution near the hole. The disadvantage of
this approach is the reliance on a finite element model to relate between scales. Fouque et. al.
successfully used a fractal pattern for multiscale DIC measurements [40]. The pattern had comparable
error to patterns other multiscale measurement patterns but maintained its robustness as scale
increased. This technique also required the use of a finite element mapping model to position the two
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length scales in the image. Bomarito et. al. created a single speckle pattern that could be viewed at both
high and low magnification by varying the average grayscale value of the pattern locally [41]. The
advantage of this method is that one does not need to know a local area of interest before patterning,
however, a series of images must be taken by separate cameras at either high or low magnification.
Chen et. al. obtained multiscale DIC measurements at three length scales using optimized digital speckle
pattern (DSP) and a ultra violet (UV) imaging setup which caused the DSP to fluoresce at multiple
wavelengths of light for speckles at different length scales [42]. Three sets of cameras with band-pass
filters installed in each set of cameras allowed each wavelength to be separated while imaging. In all
these examples, each length scale was monitored by separate cameras and lenses, such that the scales
had to be later mapped onto common coordinates.

I.4. Use of Color Cameras in DIC

Modern digital cameras typically use charge-coupled device (CCD) or complementary metal
oxide semiconductor (CMOS) image sensors [43], which can be combined with a color filter array (CFA)
to record color images [44]. CCD sensors use an array of cells to capture light through the photo-electric
effect. The charges of each of the cells are then transferred across the potential wells of the
semiconductor [45]. These charges are then collected at the end of line of element charges, measured,
and converted into voltage or current [46]. A CMOS image sensor works similarly with the largest
difference being that after the photoelectric effect converts the photons to electrons in each element
the charge is then immediately converted to voltage at the element location [46]. A CFA is a filter placed
over a monochrome sensor to capture low-resolution color information [47]. Each sensor cell element
then has a spectral filter which selects for low-resolution red, green, or blue color data. Mono-chromatic
color image data can then be collected at short time intervals and interpolated to generate continuous
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low-resolution color channel data for each of the three colors. By color correcting these channels and
adding them together, full color data is generated [48]. The Bayer CFA, which is frequently used for
digital color cameras, is arranged as depicted in Figure 1 with 2 of the cell elements in every 4 pixels
being green, 1 being red, and 1 being blue [49]. There are two green elements because the main
component of image sharpness is contained in the luminance record. High frequency luminance data
can be estimated from the green record, which is then added to each of the three low-frequency color
channels to improve the image sharpness of each channel [48].

Figure 1: Bayer Color Filter

Researchers have taken advantage of the RGB channels generated by color cameras to benefit
DIC imaging techniques [50]. Wang et al [51] eliminated heat haze in images captured from high
temperature tests by using the three channels on the color camera. Two independent studies by Wang
et. al [52] and by L. Yu et al [53] aimed a CCD color camera at a beam splitter and to create red and blue
images captured by the same camera simultaneously. The images were successfully used to perform
multi-perspective stereo DIC in both cases. Rowley et. al [unpublished data, currently in review] used a
single-color camera and a blue light source to capture images at high temperatures. By comparing the
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green and blue color channels, Rowley et. al eliminated speckle pattern inversion due to an initially dark
graphite background emitting more light at high temperature than an initially pale painted speckle.
The work in this thesis is to explore new speckle patterns, such as native patterns or multiscale
color patterns, and imaging techniques to provide new opportunities to capture deformation data in
extreme testing environments where capturing full-field data was not possible or easily captured before.
The first half of the work focuses on determining how well text, which is common on man-made
surfaces, can function as a “native” speckle pattern in digital image correlation. The second half of this
work focuses on the creation of a single multi-scale color speckle pattern and multi-colored lighting
imaging technique to obtain multiscale, stereo DIC, displacement measurements from the three-color
channels of color cameras.

I.5 Objectives

1. Demonstrate the use of text as a “native” speckle pattern in DIC. As engineered objects often
include text among visible surface features, this may enable the use of DIC on objects which are
prohibitively difficult to apply speckle patterns to (e.g. irradiated materials). This will be achieved
via three tasks:
a. Create text speckle patterns having varying font, size, and line spacing.
b. Perform benchmark experiments in which known rigid-body displacement, rigid-body
rotation, and bending deformation are applied to the speckled patterns; and
c. Compare the results against well-understood analytical solutions to demonstrate the
patterns’ suitability for DIC
2. Use the color cameras to get simultaneous multiscale measurements with DIC. This will be
achieved via an additional three tasks:

9
a. Create a multi-scale color speckle pattern
b. Repeat the benchmark experiments from objective 1 as applied to the multi-scale color
speckle pattern, color camera, and colored light sources.
c. Evaluate DIC data to determine the agreement between multi-scale DIC results across
length scales.

I.6 Thesis Outline

This thesis is presented in a multi-paper format, with 4 chapters as outlined below:
•

Chapter 1 presents a literature review, giving necessary background information to understand
the thesis as well as the objectives of the research

•

Chapter 2 is the full paper Using Text as a Native Speckle Pattern in Digital Image Correlation that
was published in the Journal of Strain Analysis in Engineering Design. It discusses the use of text
as a native speckle pattern. It explores the effectiveness of various text speckle patterns in various
tests.

•

Chapter 3 is another paper which will be submitted for review to Experimental Techniques. It
presents a novel multi-scale, multi-color speckle pattern for use in stereo multiscale DIC
measurements. A method for multiscale DIC is presented. The results of measurements at
different length scales are compared at an intermediate length scale.

•

Chapter 4 contains a summary of the conclusions drawn from both papers and how the papers
tie into the thesis objectives.
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CHAPTER II
PAPER 1: USING TEXT AS A NATIVE SPECKLE PATTERN IN DIGITAL IMAGE
CORRELATION
The following section presents the paper Using Text as a Native Speckle Pattern in Digital Image
Correlation. This paper was submitted to the Journal of Strain Analysis in Engineering Design and
accepted on September 7th, 2021. The abstract is contained in the paper.

Using Text as a Native Speckle Pattern in Digital Image Correlation
Weston D. Craig, Fiona B. Van Leeuwen, Steven R. Jarrett, Robert S. Hansen, Ryan B. Berke*
Utah State University; Mechanical and Aerospace Engineering; 4130 Old Main Hill; Logan, UT 84322
*Contact Author: ryan.berke@usu.edu

Submitted to Journal of Strain Analysis in Engineering Design

ABSTRACT
In certain applications, native surface patterns can be used in place of speckle patterns in digital
image correlation (DIC). This paper explores the feasibility of using text as a native speckle pattern in
DIC. Five text speckle patterns are tested in 3 different scenarios: a rigid body translation test, a rigid
body rotation test, and an out of plane bending test. The patterns are benchmarked against a sixth,
random speckle pattern applied using traditional DIC speckling methods. Rigid body translation tests are
additionally performed on text patterns with varying font types and line spacings. In general, text
patterns have good contrast, but low density as line spacing increases. Measurement uncertainty for the
text patterns was comparable to measurement uncertainty in the random speckle pattern. Results from
these tests show that while text patterns cannot be expected to perform better than a traditional DIC
speckle pattern, text patterns can be effective speckle patterns in situations where already present on a
specimen and applying a traditional speckle pattern is difficult.
KEYWORDS: Digital Image Correlation, Native Speckle Patterns, Rigid Body Motion, Three-Point Bending,
Measurement Uncertainty
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I. INTRODUCTION
Digital Image Correlation (DIC) compares images of a moving or deforming specimen to calculate
displacements. In DIC, a random surface pattern is applied to an area of interest. Computer software
compares subsets of the pattern in each image, each with distinct features, to a reference image to
determine the subsets’ locations. DIC allows for full field displacement measurements over the surface
of the specimen in 2 or 3 dimensions [1]. The length and time scale of the measurements are
determined by the lens and camera, respectively, at speeds ranging from creep [2] to impact [3] and
lengths ranging from nm [4] to tens of m [5]. Commercial DIC software often uses measured
displacement data to calculate additional values from the displacements, such as strains and velocities
[6]. DIC also has the advantage that it is a non-contact measurement method as opposed to strain
gauges or displacement gauges [7, 8], which has enabled its use at temperatures ranging as high as
3000°C [9] and in post-irradiation evaluation of irradiated materials [10].
A quality speckle pattern is essential for the DIC algorithm to accurately calculate displacements. As
explained by the DIC good practices guide [11], patterns should vary enough that subsets in different
regions of the image can be uniquely identified. In a series of editorials in Experimental Techniques, Phil
Reu explains the characteristics of a quality speckle pattern. To achieve enough variation each subset
should contain about 2 to 3 speckle features [12]. Directionality should not affect the speckle pattern,
with ideal speckles being the same size in all directions [13]. All speckles features should be a minimum
of 3 to 5 pixels in size to avoid aliasing [14]. However minimum speckle size is also controlled by the
minimum required subset size [15]. A histogram of grey level vs. number of pixels should show a normal
distribution. There should be at least 50 grey levels between the light and dark pixels [16]. An ideal
speckle pattern has equally sized and distributed light and dark speckle areas [17]. Ideal speckle patterns
adhere well enough to the surface of the sample so that they deform with the sample as the sample
moves [13]. Methods for creating an appropriate speckle pattern vary with sample size, the field of view
of the camera, and necessary minimum subset size.
Previous researchers have employed a wide variety of speckling methods to achieve a quality
speckle pattern. One of the most common techniques uses spray paint to let mist paint particles fall on
the specimen, creating a random speckle pattern [18]. Traditional techniques such as air brushing have
successfully created speckle patterns as well [19]. However, both the spray paint misting and air brush
techniques can create low density patterns with too much variation in speckle sizes because of how
these techniques are applied directionally [15]. Other researchers have used a toothbrush dipped in
paint to splatter dots on a specimen to create a speckle pattern [20]. Other attempts at creating a
speckle pattern have used ink and stamp rolling kits [21] which are effective for creating evenly sized
speckles. At the nano-scale, other researchers have applied a pattern by depositing nanoparticles on
tensile aluminum samples to perform DIC using an electron microscope [22]. Lithography has also been
used to create ultra-fine speckle patterns for use at reduced length scales [23, 24].
Some materials, such as halite and wood, present a native surface pattern with enough variation
and contrast for the pattern be used as a speckle pattern. [25–27]. Native patterns are more commonly
used at high magnifications because machines such as a scanning electron microscope (SEM) make
microstructures on the surface visible [25, 28, 29]. Surface roughness can also be random and high
contrast enough to work as a speckle pattern [30], provided that the roughness does not interfere with
the desired measurement (e.g. fatigue testing). For example, the surface roughness of additively
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manufactured tensile specimens has been used successfully as a speckle pattern [31]. Native patterns
are especially useful for high temperature applications where an applied speckle pattern might have
difficulty adhering to the sample surface [32, 33].
Text is commonly present as a native surface pattern on everyday objects. In recent years, machine
vision algorithms have been developed that recognize text from digital images. For example, text
recognition algorithms are used in automatic number plate recognition and document scanning [34, 35].
Recent advances in text recognition include the use of adaptive binarization algorithms to decrease the
time needed to scan a text document [35], use of machine learning to enable text recognition in lowresolution cameras [36], and use of n-gram images as primitives for text recognition to reduce errors by
15% [37]. Although computers can clearly recognize text, there are no documented examples of the use
of text on a surface to track displacement using DIC.
This work explores the functionality of text as a speckle pattern in DIC for situations where text is
present as a native surface pattern. Given the prevalence of text on human-made objects, the ability to
employ such writing as a tracking pattern is desirable. The performance of 5 text patterns is compared
against a more traditional random speckle pattern generated by the above-referenced toothbrush
method [20]. The patterns are evaluated for their ability to detect known displacements under three
conditions: (1) rigid body translation, (2) rigid body rotation, and (3) out-of-plane bending. Although the
random speckle pattern performs marginally better compared to each of the text patterns, the text
patterns all successfully reproduce the applied displacements within the measurement resolution of the
instruments supplying the motion, thus demonstrating the suitability of text as a native speckle pattern.
II. METHODS
II.1. Application of Speckle Patterns
Five speckle patterns were prepared by photocopying and printing passages from the following DICrelated documents:
1. SUTTON: “Image Correlation for Shape, Motion, and Deformation Measurements,” a textbook by
Michael Sutton et. al who is widely credited with inventing DIC [1];
2. SIMONSEN: The user manual for Vic-3D v7, a commercial DIC algorithm by Correlated Solutions
Inc. which is widely used in the experimental mechanics community [6];
3. JONES: “The Good Practices Guide for DIC,” a standardization document by the International DIC
society (iDICs) edited by Elizabeth M.C. Jones [11];
4. REU: “The Art and Application of DIC,” a series of 24 editorials by Phillip Reu which ran in
Experimental Techniques from 2012 to 2015 [12]; and
5. HANSEN: A paper titled “A high magnification UV lens for high temperature optical strain
measurements” by Robert Hansen [19].
For each document, a speckle pattern was created using the first original passage containing a
paragraph of 5 lines or more. The passage was printed on copier paper using a HP Laser Jet P4015DN
printer. Each paragraph was then cropped to fit within a 15 mm x 70 mm rectangular area. The cropped
regions were then glued to the center of a wooden craft stick.
For comparison purposes, a sixth speckle pattern (RANDOM) was produced using a toothbrush
speckling method as advised by Thai [16] and Berke [20] in the documentation above. For this pattern, a
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wooden craft stick of the same size, shape, and material as the text-patterned specimens was spray
painted with white paint to produce a solid white background. A random black speckle pattern was
applied by spraying a toothbrush with black spray paint and flicking the ends of the brush to allow
droplets to fall to the surface of the craft stick. Both paints were VHT flameproof spray paint.
The 6 patterns are shown in Figure 1, outlined with a red box to indicate the region of interest. To
reduce the total number of images, the specimens were mounted in pairs. Each pattern is accompanied
by a histogram, giving how frequently each greyscale value (0-255) appears throughout the region of
interest of each speckle pattern. As recommended by Phillip Reu [12], all patterns have at least 50
greyscale values between a “typical” dark speckle and “typical” bright speckle. In this case, the “typical”
greyscale values are selected based on the recommendation by Thai et al [16] that this greyscale metric
include the median 90% of all pixels. Thus, the typical dark pixel is found by integrating from 0% to 5% of
the area under the histogram, and similarly the typical light pixel greyscale value is found by integrating
up to 95% of the area under the histogram. The difference between these numbers, Δ, is listed for each
pattern in Table 1. Another metric used to measure speckle pattern quality is the Mean Intensity
Gradient (MIG) value [38]. The MIG values is a function of the local intensity gradient vector, width of
the image, and height of the image. A pattern with a higher MIG value is generally expected to perform
better in DIC [38]. Table 1 shows the Δ and MIG values for the six text speckle patterns. The values
indicate that all six speckle patterns have sufficient contrast between dark and light speckles.
Pattern
Δ Values
MIG Values

Table 1: Δ and MIG values for Text Patterns
Sutton
Simonsen
Jones
Reu
Hansen
118
112
104
95
109
4.4491
4.0155
4.0374 3.9381
4.5048

Random
117
7.3367

Figure 1: Speckle areas of interest and comparison of speckle histograms

The six specimens were each mounted to a rotating translation stage for imaging as shown in Figure
2. The patterns were illuminated by Fol-150-UL lights and recorded with a pair of 5MP Point Grey
Grasshopper3 cameras outfitted with quartz lenses with a 25 mm focal length. The exposure time on the
cameras was 15 microseconds and the aperture on the lens was set to F/2.8.
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Figure 2: (a) Experimental setup for rigid body translation and rotation tests; (b) Front view of specimens
as viewed by left camera, with red square indicating a subset size of 55 pixels
The relative positions and orientations of the cameras for calibration were then obtained by
following the stereo calibration procedure as described in the Vic-3D User Manual [6]. The calibration
was performed using a standard reference grid of 14 x 10 dots spaced at 5 mm intervals, purchased
from Correlated Solutions Inc. A series of 53 image pairs were then collected as the calibration grid was
translated and rotated through all 6 degrees of freedom. Once focused and calibrated, the cameras and
lenses remained untouched for the duration of all tests across all speckle patterns.
II.2. Rigid Motion Experiments
A series of rigid body translations and rotations were applied to each pair of specimens. A reference
image was collected prior to motion, followed immediately by a second “noise” image to evaluate the
noise floor. Additional images were collected upon applying rigid translations of 0.0254, 0.0762, 0.1524,
0.254, 0.762, 1.524, 2.54, and 7.62 mm in the horizontal in-plane direction. The translation stage was
returned to its reference position. New reference and noise images were taken, followed by additional
images after 1, 3, 6, 10, 15, 21, 28, and 34 degree counter-clockwise in-plane rotations.
The reference, noise, and displaced translation images were then processed using Vic-3D. Although
images were recorded of two specimens at a time, each image was processed twice such that each
instance of Vic-3D characterized only one specimen at a time. Using images of the random pattern, the
subset size and step size were varied from 37 to 61 and 5 to 30 respectively to perform a virtual strain
gauge (VSG) analysis as recommended by Phillip Reu [39] and the iDICs good practices guide [11].
For each subset and step size, the mean and standard deviation of displacement was computed. As
there was no physical motion between the reference and noise image, the mean displacement should
be nominally zero, while the standard deviation reflects the noise in the measurement. As motion is
largest between the reference image and final displaced image, the difference between the applied
motion and mean measured motion reflects the accuracy of the DIC measurement, while the standard
deviation again reflects noise. The VSG analysis was used to find the combination of subset and step size
which minimized (1) the standard deviation of displacement and (2) the difference between the applied
and mean displacement while (3) maintaining the smallest VSG size. That combination was then used in
all subsequent correlations for all applied motions and speckle patterns. Based on this analysis, the best
VSG parameters were found to be a subset size of 55, a step size of 7, and a strain window of 15.
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II.3. Computing the Angle of Rotation
For each rotating specimen, an initial guess of the center of rotation was estimated by making a
vector plot of the rotational displacements from the largest applied rotation and locating by eye the
approximate center of rotation on the plot. The X-coordinate of the center of rotation, Xo, was further
refined by fitting a line to V as a function of X for subsets spanning the full range of X coordinates. The
intercept of the fitted line was determined to be the revised Xo coordinate of the center of rotation.
Similarly, the initial guess for the Y coordinate of the center of rotation, Yo, was refined by fitting a line
to U as a function of Y for a limited range of X. The intercept of the second fitted line was the revised Yo
coordinate. Once identified, the revised center of rotation was subtracted from all coordinates, such
that all motion revolved about an origin placed at the center of motion.
For each applied rotation, the rotation angle was calculated for each subset from the measured U
and V vector fields by solving equations (1) and (2) for θ [40]:

𝑈 = 𝑋(𝑐𝑜𝑠𝜃 − 1) − 𝑌𝑠𝑖𝑛𝜃

(1)

𝑉 = 𝑋𝑠𝑖𝑛𝜃 + 𝑌(𝑐𝑜𝑠𝜃 − 1)

(2)

where X is horizontal position relative to the center of rotation (mm), Y is vertical position relative to the
center of rotation (mm), U is the displacement in the X direction compared to the reference image, and
V is the displacement in the Y direction compared to the reference image. The expression for θ is given
by equation (3):

𝜃 = 𝑡𝑎𝑛−1(|

𝑉𝑋 − 𝑈𝑌
|)
𝑉𝑌 + 𝑈𝑋 + 𝑅 2

(3)

where R is the radial position relative to the center of rotation, R2 = X2 + Y2.
The mean rotation measurement was then compared against the applied angle of rotation to assess
how well each pattern detected the applied motion.
II.4. Deformation Experiment
The specimens were then mounted in a 3-point bending fixture as shown in Figure 3. The ends of
the specimen were rigidly clamped in between two support brackets. The distance between the inside
edge of the support brackets was 88.9 mm and the distance between the screws in the support brackets
was 127 mm. Each specimen was mounted individually into the test fixture, unlike the rigid body motion
experiments in which the specimens were monitored in pairs. The same cameras and lighting fixtures
were used for the deformation test. The exposure time was set to 3 ms and the aperture was set to
F/5.6.
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Figure3: (a) Experimental setup of 3-point bend test; and (b) Front view of specimen as viewed by left
camera, with red square indicating a subset size of 55 pixels
The beam-like specimens are loaded in a 3-point bend test configuration, using a ¼-20 bolt behind
the middle of the specimen to displace the center of the specimen. As the bolt turns in increments of
one full rotation, the specimen bends towards the cameras by 1/20” corresponding to the threads of the
bolt. Using this test fixture, reference and noise image pairs were collected prior to any loading and
after each half rotation of the loading screw.
III. RESULTS
III.1 Rigid Body Translation Experiment
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The maximum U translational displacement for each of the six speckle patterns are shown in Figure
4. The contours are all relatively uniform, spanning a maximum displacement of -7.60 mm to a minimum
displacement of -7.63, which reflects a measurement error of less than 0.28%.

Figure 4: Maximum U displacement contours for each of the six speckle patterns at an applied
translation of 7.62 mm
The applied translations and mean of each measured displacement are plotted in part a of Figure 5,
with uncertainty bands indicating one standard deviation of the measurement. At these scales, most of
the uncertainty bands are so small that they are hard to distinguish from the data markers themselves,
so to better display the uncertainty bands, part b of the figure shows the absolute error between the
applied and mean measured displacement as a function of applied motion.
To avoid excessive overlapping of the uncertainty bands, the datasets for patterns 1-5 are plotted
with small offsets, but the actual displacement of each group of datapoints is labeled on the axes. Part c
compares the size of the uncertainty bands. As the displacements span 3 orders of magnitude, the axes
are plotted on logarithmic scales. All three plots also include a dashed line indicating perfect agreement
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between the applied motion and the measurements. The dashed line is bounded by two dotted lines
indicating one tick mark on the translation stage, thus giving the resolution of the applied measurement.
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Figure 5: Measurements of rigid body translation showing: (a) Measured Displacement vs. Applied
Displacement; (b) Absolute error vs. Applied Displacement; and (c) Size of Uncertainty Bands vs. Applied
Displacements

III.2. Rotation Experiment
The U component of displacement for the maximum applied rotation of each of the six speckle
patterns are shown in Figure 6. The text patterns each track the U displacement comparably to the
random speckle pattern, but the text pattern contours show some dropped subsets in large areas of
white in between lines of text. The maximum (rightward) displacement occurs in specimens on the
lower half of the translation stage as it rotates counterclockwise, while the minimum (leftward)
displacement occurs in specimens on the upper half of the translation stage.

Figure 6: Maximum U displacement contours for each of the six speckle patterns at an applied rotation
of 34° (mm)
The applied angles of rotation and computed mean measured rotations are plotted in Figure 7. The
figure includes many of the same features as in Figure 5, including parts a and b which reflect the actual
measurement and measurement error, respectively; dashed lines indicating perfect agreement and
dotted lines indicating the smallest tick mark of the applied rotation; and staggering of the data to avoid
excessive overlap. Part c compares the size of the uncertainty bands. Since the applied motion spans
fewer orders of magnitude, no logarithmic scale is needed. Although the mean measurements of
rotation all tend to fall within the resolution of the applied motion, the standard deviations tend to
increase as the applied motion becomes larger. This may be because, since the U and V displacements
are smallest closer to the center of rotation, measurements of theta are noisier as a function of radius.
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Figure 7: Measurements of rigid body rotation showing: (a) Measured Rotation vs. Applied Rotation; (b)
Absolute error vs. Applied Rotation; and (c) Size of Uncertainty Bands vs. Applied Rotation

III.3. Deformation Experiment
The W component of displacement for the maximum applied bending displacement of each of the
six specimens are shown in Figure 8. In all six contours, the displacement is maximum in the middle of
the specimen where load is applied.
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Figure 8: W displacement contours for the 6 speckle patterns (mm)
The applied W displacement and measured W displacement at the center of the beam are plotted in
Figure 9. Because W varies with position, the data markers indicate the mean displacement of all
subsets having the same x-coordinate (in pixels) on the camera sensor, while the uncertainty bands
show one standard deviation of the same subsets. Figure 9 includes similar features to Figure 5,
including plots a, b, and c which reflect the actual measurement, measurement error, and size of
uncertainty bands respectively; dashed lines indicating perfect agreement and dotted lines indicating
the smallest tick mark of the applied rotation; and staggering of the data to avoid excessive overlap. The
measurement error increases as the displacement increases, but the uncertainty bands still overlap
within the resolution of the applied motion.
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Figure 9: Measurements of maximum out-of-plane displacement showing: (a) Measured Out-of-Plane
Displacement vs. Applied Displacement; (b) Absolute error vs. Applied Out-of-Plane Displacement; and
(c) Size of Uncertainty Bands vs. Applied Out-of-Plane Displacements
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IV. ANALYSIS
The deformation experiment was further compared against an analytical solution derived from 1-D
beam theory. The solution is shown schematically in Figure 10. From top to bottom: part (a) of the figure
shows the free body diagram of the three-point bending experiment, including fixed/cantilevered
supports at either end of the symmetrically-loaded beam; parts (b) and (c) show the shear force and
bending moment diagrams which result from the free body diagram; and part (d) shows the resulting
displacement function w(x) = ∫∫(M/EI)dx and the related boundary conditions.

Figure 10: Analytical solution for a 3-point bending test with cantilevered ends, as solved using 1-D
beam theory
The displacement of the beam is thus found to be a piece-wise function consisting of two cubic
functions which are reflected about the center of the beam:
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𝑤𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =

𝑃𝐿3
192𝐸𝐼

(5)

Where wapplied is the displacement applied by the loading screw; P is the force needed to exert
wapplied; L is the length of the beam; V(x) is the internal shear force; M(x) is the internal bending moment;
w(x) is the displacement of the beam as a function of position; E is Young’s modulus (assumed to be
uniform and isotropic); and I is the moment of inertia of the cross section (assumed to be uniform and
rectangular).
The maximum out-of-plane displacement, W, is shown for the random speckle pattern in the top
half of Figure 11. The bottom half of the figure shows the same data post-processed in several ways.
First, the blue point cloud shows every value of W from the DIC contour, plotted only as a function of X.
Next, the green crosses smooth the noise in the blue data by plotting the mean value of W and X (in
mm) for each value of x (in pixels) on the camera sensor. The magenta line is obtained by fitting a
symmetric, cubic polynomial to the green crosses, which is a polynomial of the same order as the
analytical solution from Figure 10. Lastly, the analytical solution itself is plotted as a red dashed line and
shows remarkably good agreement with the magenta line obtained from DIC.
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Figure 11: Out-of-plane displacement as measured by Vic-3D (above) and as various functions of Xposition (below)
An analytical solution for strain is obtained using 1-D Hooke's Law for a linearly elastic and isotropic
material and 1-D beam theory [41]:
𝜀𝑥𝑥 =

𝜎
(𝑀𝑐/𝐼)
𝑀 𝑡
𝑡
=
=
∗ = 𝑤" ∗
𝐸
𝐸
𝐸𝐼 2
2

(6)

where σ = Mc/I is the normal stress due to bending; c = t/2 is the distance from the neutral axis to the
surface of the beam; t is the thickness of the beam; and w" = M/EI is the second derivative of w(x) with
respect to x. The wooden popsicle sticks are treated as isotropic materials because the grains are
assumed to run uniformly in the x-direction.
A comparable figure to Figure 11, showing the axial component of strain, εxx, is shown in Figure 12.
Once again, the upper half of the figure shows the contour from DIC, and the bottom half includes both
a blue point cloud containing every value of εxx from the DIC contour and green crosses which smooth
the point cloud by plotting the mean value of εxx and X for each value of x on the camera sensor. The DIC
measurements of εxx (Figure 12) are significantly noisier compared to the measurements of W (Figure
11) for two main reasons: (1) the εxx strain is a spatial derivative of U displacement and derivatives are
inherently noisier, and (2) since displacements were nominally applied in the W direction, the Udisplacements are an order of magnitude smaller and have a much worse signal-to-noise ratio.
Accordingly, the blue point cloud in Figure 12 is much broader compared to in Figure 11, and the green
crosses oscillate vertically as they progress horizontally.
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Figure 12: Normal bending strain in the axial (X) direction as measured by Vic-3D (above); and as various
functions of X-position (below).

Figure 12 also includes two lines, representing two analytical solutions for strain. First, the plot
includes a magenta line which is obtained by taking two derivatives on the cubic plotted in magenta in
Figure 11 and then multiplying by t/2 – effectively applying equation (6) to the DIC data for W. Second,
the plot includes a dashed red line which is obtained by applying equation (6) to the analytical solution
for W in equation(4). Both lines exhibit considerably less noise compared to the raw DIC data for εxx, and
both lines agree remarkably well with each other.
This approach illustrated in Figure 12 is applied to all 6 speckle patterns, using the image pairs
recorded during the maximum applied displacement before the specimens failed. The measurement
error for each speckle pattern is shown as a function of position in Figure 13. The left portion of the
figure shows the difference between the analytical solutions for W (equivalent of the dashed red line in
Figure 12) subtracted from the mean displacement (equivalent of the green crosses). The right portion
of the figure shows the difference between the analytical solution subtracted from the linear fits of the
DIC measurements (equivalent of the solid magenta line) Based on the measurements at the center of
the beam (left figure), the error exhibited by each pattern are ranked from least to most as follows: (1)
Random, (2) Sutton, (3) Reu, (4) Hansen, (5) Simonsen, and (6) Jones. Based instead on the linear fits of
displacement (right figure), the rankings become: (1) Random, (2) Hansen, (3) Jones, (4) Reu, (5) Sutton,
and (6) Simonsen.
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Figure 13: Measurement error as a function of axial position for each of the six speckle patterns

V. DISCUSSION
In all tests, the text patterns performed comparably well to the random speckle pattern, but some
patterns performed marginally better than others. Figure 12 ranks each of the 6 patterns in terms of 6
metrics. The first two metrics are the Δ and MIG scores listed in Table 1, where in both cases the
patterns are ranked from largest/best to smallest/worst. The next two metrics are the standard
deviations plotted in Figure 5 c and Figure 7 c, with smaller standard deviations indicating better
precision and larger standard deviations indicating worse precision. The last two metrics are based on
the raw and curve-fitted strains in Figure 13, using the rankings listed at the end of the analysis section.

Figure 14: Performance rankings of the six patterns
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Based on the rankings in Figure 14, the Random speckle pattern clearly performed the best with an
average ranking of 1.667, ranking first place in 4 out of 6 metrics (MIG, Translation, Raw Strain, and
Fitted Strain) and a close second in another (Δ). The Hansen pattern followed closely behind the
Random pattern with an average ranking of 2.667, also performing well in 4 out of 6 metrics. The Sutton
pattern ranked third with an average ranking of 3.167, but its scores were much more variable.
Simonsen and Reu tied for fourth with average scores of 4.333, though the Reu pattern consistently
ranked third or fourth in the rigid motion and deformation tests despite ranking last for both metrics of
pattern quality (Δ and MIG). The Simonsen pattern performed best in the rotation tests but was the
worst for the displacement and out-of-plane bending test. The Jones pattern performed poorest with an
average ranking of 4.833.
V.1. Effect of Glue
To determine the efficiency of text as a speckle pattern in the deformation test it was necessary
to determine the effect of the glue used to secure the pattern to the popsicle stick. The glue used to
secure the printed text, speckle patterns to the popsicle sticks was Elmer’s school glue. A test was
performed to determine the effect of the glue. An identical test to the deformation test was set-up. A
new speckle pattern was created using the toothbrush and spray paint technique described earlier in
this paper. The same speckle pattern was then scanned, printed, and glued to a different popsicle stick,
so the deformation of the same pattern could be compared, with the glue, and without the glue.
Figure 15 shows the W-displacement of the glued and non-glued specimens. Figure 15 contains
the same elements as Figure 13. The same analysis performed on deformation experiment was
performed for this analysis. From Figure 15 it can be seen the measured strain from the glued specimen,
and the non-glued specimen are comparable. Due to difference between the glued and non-glued
specimen being minimal and the purpose of this research being to determine the effect of the different
text patterns themselves it was determined the printed text speckle patterns could be compared to the
traditional speckle pattern.

Figure 15: W- displacement and strain of the glued vs. non- glued speckle specimen
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V.2. Effect of Font Type
It is interesting to note that, of the five text patterns, the Simonsen pattern was printed in Calibri
font while the other 4 text patterns were printed in Times New Roman font or similar. To assess how
font type affects a text pattern’s performance as a DIC speckle pattern, 5 new specimens were created
by re-printing the Simonsen text pattern in 5 unique fonts: Calibri, Times New Roman, Courier New,
Comic Sans, and Impact. All patterns were printed in the same font size. A sixth pattern was created
using the same spray paint and toothbrush speckling method used for the random speckle in previous
tests. Table 2 shows the Δ and MIG values for the font speckle patterns. The Δ values are all above 50
suggesting the patterns have sufficient contrast. The MIG values suggest the Random pattern once again
has the highest contrast.
Pattern
Δ Values
MIG Values

Calibri
108
3.8755

Table 2: Δ and MIG values for Font Patterns
Times New Roman Courier New Comic Sans
110
108
89
4.0534
3.6917
3.8755

Impact
126
4.4737

Random
80
5.5614

The same subset size and step size were used as in the previous rigid body translation test. The
same translation test was performed on the 5 font speckle patterns. The contour plots for the maximum
U displacement are shown in Figure 16.
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Figure 16 Maximum U displacement contours for each of the font patterns at 7.62 mm
Figure 17 includes similar features to Figure 5 b and c, with data offset to avoid overlapping. Part a
shows the absolute error vs. the applied displacement with the dashed black lines representing the
smallest tick mark on the translation stage, thus giving the applied resolution as ±0.0254 mm. The red
dashed line represents perfect agreement between the measured and applied displacements. Part b
plots the size of the uncertainty bands vs. the applied displacement.
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Figure 17: Measurements of rigid body translation for font patterns showing: (a) Absolute error vs.
Applied Displacement; and (b) Size of Uncertainty Bands vs. Applied Displacements

The font patterns performed comparably well to the 6 text patterns in the first rigid body translation
test. Once again, the data in Figure 17 a is well within the applied resolution. Figure 17 b shows that the
Random speckle and Impact patterns had smaller uncertainty bands than the other 4 patterns. While
there is some variation between patterns, font type did not show a significant influence on a text
pattern’s use as a speckle pattern in this rigid body translation test.
V.3. Effect of Line Spacing
The initial Simonsen pattern also had greater line spacing compared to the other text patterns, with
only three lines of text fitting into the same size gauge region for which the other patterns could fit four
lines of text. To assess the effect of line spacing, six additional patterns were created based off the
Simonsen pattern. Speckle patterns were created for line spacings of 0.5, 0.75, 1, 1.25, and 1.5. Another
speckle pattern created using the spray and toothbrush speckling method was used for comparison.
Table 3 shows the Δ and MIG values for the Line spacing patterns. All Δ values are over 50 greyscale
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values indicating the line spacing patterns have sufficient contrast. The MIG scores suggest that the 0.5,
0.75, and random patterns have the highest contrast.
Table 3: Δ and MIG values for Line Spacing Patterns
Pattern
0.5
0.75
1
1.25
1.5
Δ Values
110
109
105
104
96
MIG Values
5.1754 4.3375 3.7962 3.5234 3.5599

Random
80
5.5614

The same subset and step size used in the displacement test were used for these patterns. The same
rigid body translation test performed on the 6 text speckle patterns was performed on the line spacing
patterns. The displacement contours for the line spacing patterns are shown in Figure 18. The contour
plot for the 1.5 Spacing pattern is scaled differently from the rest of the patterns because the
displacement ranged from -6.68 mm to -7.615 mm. The variation in the contour plots is greatest in
between line of text, becoming greatest as the line spacing increases.
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Figure 18: Maximum U displacement contours at 7.62 mm for each of the line spacing patterns
Figure 19 includes similar elements to Figure 17. The data is offset to avoid overlapping with a red
dashed line to represent perfect agreement between the applied and measured displacement and black
dashed lines to represent the applied resolution. Part a shows the absolute error vs. the applied
displacement and part b plots the size of the uncertainty bands for comparison. The absolute error and
uncertainty for the 1.5 line spacing pattern become so large at 0.7620 mm the data is omitted from the
plot to preserve scale.

34

Figure 19: Measurements of rigid body translation for line spacing patterns showing: (a) Absolute error
vs. Applied Displacement; and (b) Size of Uncertainty Bands vs. Applied Displacements
In Figure 19, line spacing begins to have a noticeable impact on the uncertainty as the line spacing
increases to 1.25 or greater. At smaller line spacings the line spacing patterns performed comparably
well to the random pattern. At line spacings of 1.5 or greater the density of the text speckle pattern
becomes so low the pattern cannot be used in DIC to track displacement within an acceptable amount
of uncertainty.
V.4 Text as a Native Pattern
While the text patterns used in this study were not literally native patterns (meaning that they were
printed separately and then glued to the sample surface), they are still representative of text that might
be found on a sample surface. By printing the samples separately, we had much greater control over the
font type, size, and spacing as we evaluated the effectiveness of text as a patterning strategy. The fact
that the patterns were glued should have zero effect on the rigid body motion experiments. For the
bending experiments, it was anecdotally seen that the glued-on patterns provided some artificial
reinforcement during the final load increments before failure. However, all data reported in this paper is
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from earlier load increments in which strains were still linearly elastic – as required by the analytical
solution presented from beam theory – and the paper conformed much better to the surface during
these increments. Overall, the text patterns performed comparably to the conventional random speckle
pattern, but the random pattern still performed marginally better.
A key advantage to native patterns is that they allow DIC to be performed in applications for which
paint is prohibitively difficult to apply to a specimen. For example, during post-irradiation evaluation
(PIE) of nuclear materials, radioactive samples which are too dangerous to handle must be characterized
in protective facilities called hot cells [42]. At one such facility, the Hot Fuels Examination Facility at
Idaho National Laboratory, specimens are handled using robotic arms by a trained operator on the other
side of four feet of leaded glass [43]. The robotic arms have limited mobility, lacking the fine control that
is necessary to apply a sufficient paint-based pattern for DIC. In these situations, native text on the
surface of the specimen, such as a label or specimen number, could provide a pattern for limited DIC
use.

VI. CONCLUSIONS
While a text speckle should not be expected to perform better compared to a traditional DIC speckle
pattern, such a pattern may still be useful as a native pattern when traditional speckling methods prove
difficult. Text patterns have sufficient contrast and non-repetitiveness for use as a DIC speckle pattern
and can reproduce rigid motion and out-of-plane displacements within the measurement uncertainty of
the devices used to apply motion in this study. In these tests, font type did not show a significant impact
on the absolute error or uncertainty of displacement; but, of the fonts studied, Impact showed marginal
improvement that was still within the resolution of the measurement. Line spacing has a more
significant effect as measurement uncertainty increases with increased line spacing. Therefore, when
using text-based speckle patterns, the text should have small enough line spacing to avoid such
increased uncertainty.
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CHAPTER III. PAPER 2:
COLORED SPECKLE FOR MULTISCALE DIC MEASUREMENTS USING TWO COLOR
CAMERAS
This section contains the paper: “Colored Speckle for Multiscale DIC measurements Using Two Color
Cameras”, which is ready for submission but has not yet been submitted to a journal. The abstract is
given in the paper.

Colored Speckle for Multiscale DIC Measurements Using Two Color Cameras
Weston D. Craig, Steven Jarret, Lindsey Rowley, Prasenjit Dewanjee, Ryan B. Berke
Manuscript for submission to Experimental Techniques
ABSTRACT
Digital Image Correlation (DIC) is a camera-based technique which can measure displacements
and strains over a wide range of length scales. In this paper, a multi-color speckle pattern is created for
multi-scale DIC using a color camera. This novel measurement technique allows for multiple length scale
measurements at once, mapped simultaneously onto the same coordinates. Beam-like specimens are
prepared having the multi-scale, multi-colored speckle pattern. The specimens are illuminated with red
and blue LED lights and monitored by a color camera. Rigid body translation and bending deformation
tests are performed on the specimens. Measurements between the larger red pattern length scale and
the smaller blue pattern length scale showed strong agreement at an intermediate length scale. Care
should be taken when using this method to avoid over-exposure by one or both light sources. The
method is advantageous because it allows for automatic mapping of both length scales on the specimen.
I. INTRODUCTION
Digital image correlation (DIC) is a widely used optical method for detecting full-field
displacements and strains. DIC works by correlating images taken from one or more cameras of a test
specimen’s speckled surface throughout a test to measure displacement [1]. The DIC software breaks a
unique surface pattern into subsections called subsets and tracks the subsets’ positions across images.
The position of each subset is compared to its position in an initial reference image [2],which allows the
software to measure full field displacement data across the surface of the entire pattern. The
displacements are then often converted to strain by taking derivatives [3]. DIC is an advantageous
measurement technique because it is relatively non-contacting and can acquire full-field displacement
data for a wide range of temperature, time, and length scales [4,5]. DIC has been demonstrated at
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temperatures ranging from -25 C [6] to 3000°C [7]; length scales ranging from sub-micrometer [8] to
tens of meters [9]; and speeds ranging from quasi-static [10] to impact [11].
A key component in a DIC measurement is the speckle pattern. Research into speckle patterns
for DIC has shown factors such as contrast, speckle density, and speckle feature size affect the accuracy
and reliability of a DIC measurement [12–14]. A histogram of grey level vs. number of pixels can be used
to determine if a speckle pattern has sufficient contrast [15]. It is widely assumed that an ideal pattern
shows a normal distribution, indicating a random distribution of speckles [ref]. Previous research has
shown that speckle patterns with sufficient randomness along with speckle features that are neither
relatively large or relatively small for the field of view have improved accuracy [14]. The speckle size
required for a given measurement will depend on the field of view of the camera, the test specimen,
and the minimum and maximum necessary subset size.
Literature has documented several different methods for creating speckle patterns. Black and
white spray paint has been used for “misting” and airbrushing techniques [16,17]. Another method used
by researchers is spray painting a white background on a specimen and then flicking black paint particles
across the specimen using brush bristles [18,19]. Ink and roller methods create speckles of consistent
size; however a specimen must be rolled multiple times to ensure sufficient variation [20] Other
techniques include the use of stencils such that identical patterns can be applied across multiple test
specimens [ref]; gold nano-particles which provide sufficient contrast to perform DIC in a scanning
electron microscope [21]; natural surface roughness as a native pattern which requires no externallyapplied paint [22]; and the use of text as a native surface pattern on man-made objects which already
contain writing [19].
Previous literature has shown that speckle patterns with smaller speckle features combined
within a larger speckle pattern can introduce enough variation to improve measurement accuracy
[23].The spatial resolution of a DIC displacement measurement is determined by the minimum subset
size [24]. The speckle size, resolution of the image, and length scale of the camera will influence what
subset sizes can be used. In some applications, it is desirable to create a speckle pattern that provides
high resolution at both smaller and larger length scales. For example, when measuring crack length
during fracture, crack growth happens over multiple length scales. A measurement is desired over the
entirety of the specimen as well as the smaller initiation zone of the crack [25]. In an attempt to obtain
such multi-scale measurements DIC has been combined with finite element analysis(FEA) to correlate
near-field DIC measurements with far field DIC measurements allowing for detailed near and far field
displacement measurements[26]. Non-FEA methods to obtain multiscale measurements include local
grayscale variation within a grayscale pattern, which when altered along the frequency domain create
contrasting features at multiple length scales [27,28]. These tests however have used multiple stereo
DIC systems with different levels of magnification, which are then mapped onto common coordinates.
In some notable cases, researchers have used color cameras to perform DIC, but such tests have
always been at a single length scale [29–31]. For example, L. Yu et al [30] aimed a CCD color camera at a
beam splitter to generate blue and red colored images which were viewed simultaneously by the same
camera. These images were then analyzed using traditional stereo-DIC algorithms to perform stereo DIC
using a single camera [30,31]. Wang et al [32] used the separate RGB channels of a color camera to
eliminate heat haze during high temperature measurements. More recently, Rowley et al [33] used a
color camera paired with a blue light source to also perform DIC at high temperature, and by comparing
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the green and blue channels was able to eliminate speckle pattern inversion due to an initially dark
graphite background emitting more light at high temperature than an initially pale painted speckle.
In this paper, a multi-colored speckle pattern is paired with a color camera to perform DIC
simultaneously at two length scales while using the same cameras. The pattern consists of a smaller blue
speckle combined with a larger red speckle. The multi-scaled color pattern is measured using a
traditional two camera stereo-DIC set up using color cameras to obtain a multi-length scale
measurement from the same stereo-DIC system by filtering the red and blue color channels. This novel
multi-scale speckle measurement enables the user to measure for the same specimen at multiple length
scales simultaneously, and both scales are automatically mapped to the same common coordinate
system.

II. METHODS
II.1 Creation of Multiscale Color Speckle Pattern
A preliminary speckle pattern was created by spraying a white background on two large sections
of cardboard (4” x 4” and 6” x 4”) and flicking black paint onto the cardboard using a brush as done in
other studies [34] to create two random black on white speckle patterns shown in Figure 1 (a) and (b).

Figure 1: (a) 4” x 4” random speckle pattern used to create red on black pattern with red square to show
area of red pattern (b) 6” x 4” random speckle pattern used to create blue on black speckle pattern with
blue square to show area of blue pattern (c) Red pattern used to create MCS (d) Blue pattern used to
create MCS (e) Non-darkened background MCS (f) Darkened background MCS with white square
showing the section used on specimen [Units are in Pixels]
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An image of each speckle pattern was then captured. The first image, Figure (a), was digitally
increased to 400% the size of the original pattern. A portion of the image as indicated by the red box in
part (a) was then inverted and saved only to the red channel of a colored image such that the lighter
background areas were changed to black and the darker speckle features were changed to red as shown
in Figure 1 (c). The choice of a black background instead of white is important because on a Bayer
sensor, white appears as a large pixel value on all three-color channels (Red, Green, and Blue) whereas
black appears as a small pixel value (absence of Red, Green, or Blue). Another image was created from
the second speckle pattern, Figure (b), which was digitally reduced to 50% the size of the original
pattern. This entire image was used to create the small-scale speckle pattern, as indicated by the blue
box in part (b). The lighter areas of the new pattern were then changed to black, and the darker areas
were changed to blue as shown in Figure 1 (d). The red square in Figure (a) and the blue square in
Figure (b) show the areas taken to create the red and blue patterns in Figure (c) and Figure (d)
respectively.

The color values of the images were added together to create a third image of a multiscale
speckle pattern with large red speckles and smaller blue speckles. The new image is shown in Figure (e).
The multiscale color speckle (MCS) pattern is assessed according to two speckle quality metrics as listed
in [35]: Delta (Δ, [34]) and Mean Intensity Gradient (MIG, [35]). Delta is the span of the median 90% of
pixel values contained in the image, recommended to be at least 50 greyscale values [12] but larger
values indicate higher contrast. The Mean Intensity Gradient is an indicator of how frequently pixel
values switch between dark and light values, with larger values indicating higher spatial resolution [35].
Δ and MIG values for non-darkened Multiscale Color Pattern from Figure (e) are shown in Table 1. The
Green Δ and MIG values are zero because green values in the images were intentionally omitted.

Table 1: Δ and MIG values for Multiscale Color Pattern
Background
Figure 1 (e)
Figure 1 (f)

Color
Δ Values
MIG Values
Δ Values
MIG Values

Red
67
1.0403
84
1.3010

Green
0
0
0
0

Blue
101
7.0494
151
8.1459

The MCS from Figure (e) was further manipulated darken the background and improve
contrast. The new darkened MCS image is shown in Figure (f). The darkened MCS has visibly greater
contrast. MIG and Δ values for RGB channels for the MCS image from Figure (f) are shown in Table 1.
Although the MIG value for the red channel increased only slightly in the darkened MCS pattern, all
other Δ and MIG values for the red and blue channels increase significantly indicating an increase in the
contrast of the MCS pattern.
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The darkened MCS pattern was printed with a HP Laster Jet P4015DN printer. The pattern from
Figure (f) was then reduced to 35% its original size. A horizontal region from the middle of the pattern
was cropped to 15 mm x 70 mm and glued to the center of a wooden craft stick. This cropped region is
shown by the white box in Figure (f).
II.2 Rigid Body Displacement Test on the MCS Pattern
A rigid-body motion test was performed using the test setup in Figure 2. The MCS pattern was
illuminated by two Fol-150-UL blue lights and one Fol-150-UL red light. The two blue lights were plugged
into the same adjustable power source and the red light was plugged into another adjustable power
source so the power in each color light source can be manipulated independently. Images were
captured with a pair of 15.10 MP Basler acA4600-10µc color cameras using 25 mm quartz lenses. The
exposure times on the cameras were set to 69,860 µs and the apertures on the lenses were set to f/8.

Figure 2: Experimental setup for rigid body translation test

The relative positions of the cameras were then obtained using a modified version of the stereo
calibration procedure described in the Vic-3D user manual [4]. First the red light was turned off and the
blue lighting was adjusted until the blue speckle features were visually seen to have good contrast and
lighting. Next the blue lights were shut off and the red light was turned on. The red lighting was then
adjusted until the red speckle features were visually seen to have good contrast and lighting. The blue
lights were then turned on and the red lights were turned off such that the calibration grid was
illuminated by only the blue lights. The cameras were then calibrated using a 4 mm glass calibration
plate with a 10 x 14 dot grid. 25 calibration image pairs were taken. The calibration images were filtered
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to only the blue channel for use in DIC calibration. Once the cameras were focused and calibrated to
obtain the relative angles and spacings between cameras, the lenses and cameras remained unchanged
for the remainder of the test.
After calibration, the red light was turned back on such that the MCS pattern was illuminated by
both colors during the rigid body displacement test, which followed the same general procedure as
performed by Craig et. [19]. The MCS pattern specimen was mounted on a translation stage. Noise and
reference images were collected at the beginning of the test for error analysis. The specimen was then
displaced 0.0254, 0.0762, 0.1524, 0.254, 0.762, 1.524, 2.54, and 7.62 mm in the horizontal in-plane
direction using the translation stage. Once data was obtained, the images were split into the red and
blue color channels.
DIC analysis was performed on the red and blue color channels using different subset sizes at
different length scales. Both channels were analyzed first with a 149-pixel subset and a step size of 9
pixels, which was selected based on the size that the larger red speckle pattern could correlate while
dropping the fewest subsets. Next, both channels were analyzed with a subset size of 29 pixels and a
step size of 1 pixel, which was selected based on the size that the smaller blue speckle pattern could
correlate while dropping the fewest subsets. However, the red pattern failed to correlate at this larger
scale and is omitted from further results. The resulting displacements between length scales were
compared for agreement.

II.3 Bending Test on the MCS Pattern
For the bending deformation test, the MCS specimen was mounted in a 3-point bending fixture
as described in [19]. The same lights, cameras, and lenses were used as in the rigid-body translation test.
The stereo calibration procedure was also the same as for the rigid-body translation test. The MCS
specimen was loaded by twisting a 1/4- 20 bolt behind the center of the specimen to displace the
middle of the specimen towards the cameras. The bolt was turned in half increments which bent the
specimen by 1/40” per half turn. The setup for the bending test is shown in Figure 3.
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Figure 3: Setup for bending test

Noise and reference images were collected at the beginning of the bending deformation test for
error analysis. Images were captured after each half turn until the specimen failed. In postprocessing,
the images were be split into the red and blue color channels which were each then analyzed using the
same DIC settings as in the rigid-body translation test. The bending strain of the resulting DIC analysis for
each series of red and blue images were compared for agreement.

III. RESULTS
III.1 Rigid Body Translation Experiment
An example of the resulting image of the MCS pattern illuminated by the red and blue lighting
during the rigid-body translation test is shown in Error! Reference source not found. The region of
interest for DIC analysis was selected only in the middle of the specimen where there was an equal mix
of red and blue lighting. The red and blue channel images are converted to greyscale images before
processing to allow them to correlate with a commercial greyscale DIC algorithm. The color channel
separation method successfully obtained two distinct speckle patterns with features at different length
scales.
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Figure 4: (a) Red channel greyscale image from rigid-body translation test (b) Blue channel greyscale
image from rigid-body translation test

Select horizontal displacement (U) contours of the MCS speckle pattern are shown at the
maximum applied displacement of 7.62 mm in Figure 5. Part (a) of the figure shows the large red
speckle correlated with the large 149 pixel subsets. Part (b) shows the small blue speckles correlated
with the small 29 pixel subsets. Part (c) shows the small blue speckles correlated with the large 149 pixel
subsets. Although the applied motion is nominally uniform, all three contours depict some experimental
noise. All three are plotted on the same color scale, where the measurement error ranged between 0.38% of the applied displacement (purple) to 0.48% (red). At this color scale, parts (a) and (b) clearly
demonstrate the experimental noise in the measurement, with alternating blue and red contours
located near clearly identifiable speckle features. Part (c) shows significantly less noise at this scale, and
is almost entirely within the more moderate cyan-to-green portion of the color band.
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Figure 5: Maximum horizontal displacement contours at an applied translation of 7.62 mm for: (a) red
filtered image correlated with 149-pixel subset; (b) blue filtered image correlated with 29-pixel subset;
(c) blue filtered image correlated with 149-pixel subset

To further illustrate the measurement noise over a fuller range of displacements, the measured
displacement vs. the applied translation is shown in part (a) of Figure 6. The mean for each
measurement is given by each data point, while the uncertainty bands represent three standard
deviations of the measurement. To better visualize the data from part a, part b of the figure plots the
absolute error between the applied and mean displacement measurements vs. the applied translation.
Part c of the figure plots the size of the uncertainty bands vs. the applied displacement. In all three plots,
the purple dashed line represents perfect agreement between the measurement and the applied
translation. The black dashed line represents the resolution of the applied displacement, assumed to
equal one tick mark on the translation stage, 0.0254 mm. The applied displacement axis is plotted on a
logarithmic scale because the measurements span multiple orders of magnitude.
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Figure 6: Rigid body translation measurements of: (a) Horizontal Measured Displacement (U) vs. Applied
Displacement; (b) Absolute Error vs. Applied Displacement; and (c) Size of Uncertainty Bands vs. Applied
Displacements
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III.2 Bending Deformation Test
The maximum out-of-plane (W) displacement contours for the MCS pattern specimen in the
bending deformation test at 2.63 mm displacement and applied displacement of 2.716 are shown in
Figure 7. The measurement error between the applied displacement and the maximum displacement
detected by DIC was 1.74%. There are areas of dropped subsets in part b of Figure 7. This is due to
overexposure of the blue speckle pattern as the deformed specimen surface becomes more normal to
the stereo blue light sources. This issue is further discussed later in the paper.
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Figure 7: Out-of-plane (W) displacement contours of bending test just before failure for: (a) Red filtered
image with a 149-pixel subset; (b) Blue filtered image with a 29-pixel subset; (c) Blue filtered image with
a 149-pixel subset

The mean measured out-of-plane (W) displacement at the center of the beam is plotted vs. the
applied W displacement in part a of Figure 8. The W displacement at the center of the beam is defined
as the column of pixels sharing the same x-coordinate in pixels on the camera sensor. The error bars
show three standard deviations of W displacement at the center of the beam. The black dashed lines
represent the resolution of the applied measurement which is within one half turn of the bolt, or 0.635
mm. The data points are intentionally offset to avoid overlapping, but the true displacement is given by
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the blue square indicating the blue speckle with a subset of 29 pixels. Parts b and c of Figure 8 show the
absolute error and size of the uncertainty bands for clearer viewing.
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Figure 8: Bending deformation test measurements of: (a) Measured Out-of-Plane (W) Displacement at
the center of the beam vs. Applied W Displacement; (b) Absolute Error vs. Applied W Displacement; (c)
Size of Uncertainty Bands vs. Applied W Displacement
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IV. ANALYSIS
An analytical solution for the W displacement was determined for the beam based on the 1-D
beam theory analysis used by Craig [19] and Hill [20]. A cubic polynomial is fit to the mean W
displacement data obtained from DIC analysis. The analytical solution is compared as a function of
position against the full-field W displacement, the mean W displacement, and the cubic fit polynomial in
Figure 9. The data in Figure 9 was captured one half turn of the bolt, 0.635 mm, before the MCS
specimen failed. The data in Figure 9 does not extend to the ends of the beam or reach 0 at the x-axis
because the MCS pattern did not cover the full length of the beam. The Blue Filtered image does not
extend as far as the other two data sets due to areas of subsets that were dropped in the image due to
an over-exposure issue discussed in section VI. The cubic fit and analytical solutions agree strongly, and
both agree well with the raw Vic-3D data and the mean Vic-3D data.

Figure 9: W-Displacement vs. X-Coordinate comparison of the full-field DIC data, mean DIC data, cubic
fit, and analytical solution for: the red filtered image with subset 149, the blue filtered image with
subset 29, and the blue filtered image with subset 149

Another figure, Figure 10, was made comparing the raw axial strain, the mean axial strain, a
cubic fit, and an analytical solution. Axial strain is represented by εxx. The analytical solution was
obtained based on the 1-D Hooke’s Law for a linearly elastic and isotropic material and 1-D beam theory
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used by Craig [19]. The cubic fit was obtained by taking the second derivative of the cubic fit in Figure 9
and multiplying it by half of the thickness of the beam. Craig [19] and Hill [20] determined the DIC
measurements of εxx to be significantly noisier compared to W displacement due to the εxx strain being
a spatial derivative of U displacement and the U displacements being an order of magnitude smaller
than the W displacements with a worse signal to noise ratio. For this reason the W displacement data is
used as the main comparison for the bending deformation test in this work.

Figure 10: εxx vs. X-Coordinate comparison of the full-field DIC data, mean DIC data, cubic fit, and
analytical solution for: the red filtered image with subset 149, the blue filtered image with subset 29,
and the blue filtered image with subset 149

V. DISCUSSION
Key to this method of multi-scale DIC measurement was creating a multi-scale DIC pattern using
multiple colors which could then be filtered into two separate patterns during post processing. Initial
attempts to create a pattern were made by imaging traditional speckled DIC patterns, changing the
grayscale of the images to “blue-scale” and “red-scale” images, and finally combining those two images
together. The patterns created by this method appeared to have enough contrast, but when place under
the red and blue lights during testing the patterns oversaturated and failed to correlate. To create an
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effective pattern, it was necessary to manually darken the background of the pattern to create greater
contrast.

V.1 Importance of Lighting
Another key factor to this multi-scale testing method is the lighting. Through trial and error, it
was found that there is a tradeoff between intensity of the lights, position of the lights, and the area in
which a specimen could be displaced and not over exposed. Red and blue lights were connected to
adjustable power sources to control the balance of light in the test. The blue lights must be positioned
close enough to the specimen to provide sufficient lighting that the blue features are distinct from the
black background, however, when a specimen was displaced towards the blue lights it caused sections
of the pattern to become over exposed and blur the features. When the intensity of the blue lights was
decreased at this position however the blue filtered pattern did not have enough contrast to correlate.
Another challenge posed by the lighting was determining how to focus the camera lenses. This
was accomplished by turning on only one color of light and determining if the pattern had enough focus.
The best result was obtained by focusing the lenses on the smaller speckle pattern, in this case the blue
pattern, while the blue light was on. Then the red light was turned on, the blue light was turned off to
see if the larger pattern had enough focus at this setting. Different aperture, exposure times, and
lighting setting were tested to determine the best settings for the multi-scale tests. Very large or small
apertures worked poorly even when lighting and exposure time were adjusted to compensate for the
change. It is recommended to choose and aperture somewhere in between the largest and smallest
available apertures and then adjust the lighting and exposure time. To reduce over-exposure
complications as much as possible it is recommended to position the specimen at all angles it will be at
during a test and check the camera feed to determine if the pattern will be over-exposed at any portion
of the test if possible.

V.2 Effectiveness of MCS Pattern in Multi-Scale DIC
The DIC analysis for the rigid body translation test showed measured displacements agreed with
the applied displacements especially at smaller displacements with a larger absolute error at the largest
displacement of 7.62 mm. All error fit within the applied resolution except for the displacement at 7.62
mm. There was strong agreement between the larger length scale red filtered pattern and the smaller
length scale blue pattern. The blue pattern with a subset of 29 pixels had the greatest uncertainty and
had the least uncertainty when evaluated at a subset of 149 pixels. The red filtered large scale pattern
was processed with a subset of 29 pixels but failed to correlate as was expected. The MCS pattern
presented in this work is advantageous because it requires no post processing to map the large-scale
data and small-scale data onto one another as the data is inherently mapped due to the large-scale and
small-scale pattern being obtained from the same split image.
The W-displacement data for the bending deformation test agreed strongly between both the
small-scale and large-scale patterns across all subset settings. All mean W-displacement measurements
were well within the applied measurement resolution. Due to the specimen displacing towards the blue
lights the features of the blue speckle pattern became overexposed which at lower subset sizes, like the
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29-pixel analysis of the blue filtered pattern, caused the subsets on the side of the pattern to be
dropped.

The MCS pattern presented in this test showed strong agreement between the large and small
speckle patterns at an intermediate scale. This method is advantageous because it does not require any
position mapping between length scales because the large- and small-scale images are automatically
mapped due to the color channel filtering method for obtaining the two image sets. Using a printed
patten allowed for control of the contrast and color of the pattern. The glue had no effect on the rigid
body translation tests and negligible effect on the bending deformation test. Future research could
explore multi-scale measurements using this method at a scale small enough only the smaller blue
pattern can correlate, and at scale large enough only the larger red pattern can correlate to explore the
effectiveness of the MCS pattern at further distances.

V.3 Effect of Glued Interfaces
It should be noted that in Craig et. al [19], which was performed using similar procedures to
demonstrate a different speckle pattern, it was demonstrated that the difference between glued and
non-glued specimen patterns was negligible for all rigid-body displacement tests and minimal for
bending deformation tests performed prior to failure on craft sticks at this scale. The purpose of this
research was to compare the effectiveness of the pattern. Therefore, the effect of the pattern being
glued onto the wooden craft stick was considered negligible in this work.

VI. CONCLUSION
The MCS pattern performed comparably for the larger red filtered pattern and the smaller blue
filtered pattern in both the rigid body translation and bending deformation tests. The method of using a
layered multi-scale multi-colored speckle pattern with multiple colored light sources to obtain images
which can be split by color channel to obtain different scaled patterns is advantageous because the
large- and small-scale patterns are inherently mapped onto one another. When using this multi-scale
DIC method care should be taken to create a MCS pattern with sufficient contrast. The pattern should
be tested with lighting conditions present as they will be during the test. It is advised to test multiple
configurations of lighting position and intensity to obtain desirable conditions between all colored light
sources. The MCS patten agrees at an intermediate scale. The MCS pattern should be tested at both
larger and smaller length scales.
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CHAPTER IV CONCLUSIONS
In summary, these two studies advance the capabilities of DIC measurements through the
creation of novel speckle pattern techniques. Text is shown to be useful as a native speckle pattern in
DIC measurements when text is already present on a specimen and traditional speckling methods
cannot be applied or are difficult. Line spacing had the greatest effect on the uncertainty of the
measurements, but of the fonts studied the choice of font had little effect. Text patterns should not be
expected to perform better than traditional speckle patterns.
The multi-color speckle pattern created for multiscale DIC measurements had strong agreement
at an intermediate length scale. The method presented in this study was advantageous because it
allowed for automatic mapping of the large-scale and small-scale measurements onto common
coordinates. When using the multi-scale multicolor speckle pattern testing multiple lighting
configurations and ensuring sufficient contrast were essential to obtaining a successful correlation.
Future work should test the MCS pattern at larger and smaller length scales.
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